In this work, we study all the observed a 2 states and group them into the a 2 meson family, where their total and two-body Okubo-Zweig-Iizuka allowed strong decay partial widths are calculated via the quark pair creation model. Taking into account the present experimental data, we further give the corresponding phenomenological analysis, which is valuable to test whether each a 2 state can be assigned into the a 2 meson family. What is more important is that the prediction of their decay behaviors will be helpful for future experimental study of the a 2 states.
Among the observed light hadrons, isovector tensor mesons form the a 2 meson family, which has the quantum number I G J PC = 1 − 2 ++ . In Particle Data Group (PDG) [1] , seven a 2 states are collected, i.e., a 2 (1320), a 2 (1700), a 2 (1950), a 2 (1990), a 2 (2030), a 2 (2175), and a 2 (2255). Here, their experimental information including the resonance parameters and the observed decay channels, is given in Table I . a 2 (1320) can be well established to be the 1 3 P 2 state [4, 5] which is the ground state of the a 2 meson family, while a 2 (1700) is the first radial excitation of a 2 (1320) [6] [7] [8] [9] [10] . As shown in Table I , there are five a 2 states listed as further states in PDG. a 2 (1950) was observed in the π f 2 (1270) decay channel by SPEC [2] when fitting it with the Crystal Barrel data. In addition, a 2 (1950) was also observed in the process pp → ηηπ [11] . Anisovich et al. indicated that there exists a 2 (1990) [or named a 2 (1980)] in the reactions pp → πη, pp → πη ′ [12] . Furthermore, in an analysis combined with the consistent resonance parameters in all three sets of data, (pp → πη, πη ′ , 3π), the authors in Ref.
[2] updated their analyzed results, in which the former resonances a 2 (1990), a 2 (2270) [12] , a 2 (2100), and a 2 (2280) [12] are replaced with a 2 (1950), a 2 (2030), a 2 (2175), and a 2 (2255). Thus, in the 2002 PDG edition [13] , a 2 (1990) was still listed while the updated states a 2 (1950), a 2 (2030), a 2 (2175), and a 2 (2255) were also included [14] . In Ref. [15] , the a 2 state with resonance parameters, the mass M = 2050 ± 10 ± 40 MeV and width Γ = 190 ± 22 ± 100 MeV, was reported in the process γγ → π + π − π 0 , where this a 2 is considered as the same state as a 2 (2030). In addition, the observed a 2 resonance with the mass 2003 ± 10 ± 19 MeV and width 249 ± 23 ± 30 MeV is treated as a 2 (1990) since its resonance parameters are close to those of a 2 (1990) [16] .
Although many a 2 states were reported by experiments, we notice that these states are not established, especially for the states listed as further states in PDG, which is the main reason why we are interested in the study of the a 2 states. It is obvious that the detailed information on the partial decay widths of the a 2 states is helpful for further experimental study on these. Comparing our theoretical results with the measured resonance parameters, we can further test whether they are suitably categorized into the a 2 meson family. In the next section, we briefly review the possible assignments of the states in the a 2 meson family. Considering the present research status of these states, we notice that a systematic and phenomenological study of the a 2 is still absent. Hence, in this work we carry out the calculation of the Okubo-Zweig-Iizuka (OZI) allowed partial decay widths of these states, where the quark pair creation (QPC) model proposed by Micu [17] will be applied to the whole calculation. The systematical study will give us the valuable partial and total decay widths of the discussed a 2 states in detail. This paper is organized as follows. In the next section, we briefly introduce different categorizations of the states in the a 2 meson family. Further, we calculate the corresponding twobody OZI-allowed strong decays. After combining the present experimental data with our theoretical results, a phenomenological analysis will be given. The final section is devoted to a summary of our work.
II. MASS SPECTRUM ANALYSIS AND CALCULATION OF TWO-BODY STRONG DECAYS
A. Mass spectrum analysis of the a 2 states
Before calculating the OZI-allowed two-body strong decay widths, we briefly review the status of the mass spectrum analysis of the a 2 states. Usually, the analysis of the Regge trajectories can be an effective approach to study the categorization of mesons. In Refs. [2, 18, 19] (17) GeV was predicted in their trajectory analysis. The obtained assignments to a 2 (2030) and a 2 (2255) in Ref. [14] are consistent with those in Ref. [2] . In Table II , we summarize the three different categorizations mentioned above.
B. Brief review of the QPC model
In this work, we study the two-body OZI-allowed strong decays of the a 2 states under the three categorizations. In the following, we briefly explain the QPC model adopted here. After the QPC model [17] was proposed, this model was further developed by the Orsay group of Le Yaouanc et al. [23] [24] [25] [26] [27] . Later, this model was widely applied to study the OZIallowed strong decay of hadrons [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
For a two-body strong decay process A → B + C, the corresponding transition matrix element can be written as
where P B(C) denotes the three-momentum of the final particle ; 1 − m|00 dp 3 dp 4 δ 3 (p 3 + p 4 )
where γ is a parameter that takes the value 8.7 or 8.7/ √ 3 depending on whether the quark-antiquark pair created from the vacuum is uū(dd) or ss [43] . The quark and antiquark created from the vacuum are marked by the subscripts 3 and 4, respectively. i/ j denotes the color indices. The χ, φ, and ω are the spin, flavor, and color wave functions, respectively. In addition, Y lm (p) = |p|Y lm (p) is the solid harmonic polynomial (see Refs. [47, 48] for more details). Using the Jacob-Wick formula [49] , the helicity amplitude M M J A M J B M J C can be converted into the partial wave amplitude M JL (P), i.e., 
Finally, the decay width can be given by
where m A is the mass of the initial meson A. In the concrete calculation, we use the harmonic oscillator wave function to describe the meson spacial wave function, where we approximately take the harmonic oscillator potential to describe the potential between quark and antiquark [50] . The harmonic oscillator wave function has the following expression:
where R is a parameter, which is given in Ref. [33] for the mesons involved in our calculation. The two-body OZI-allowed strong decay channels, which are allowed by the conservation law and calculated by us, are listed in Table III for a 2 (1320), a 2 (1700), a 2 (1950), a 2 (2175), a 2 (2030), and a 2 (2255).
C. Phenomenological analysis of two-body decays
1. a 2 (1320), a 2 (1700), and a 2 (2030)
From Table II , we notice that different groups obtained the consistent conclusion of the assignments to a 2 (1320), a 2 (1700), and a 2 (2030), which are the 1 3 P 2 , 2 3 P 2 , and 1 3 F 2 states, respectively. In the following, we discuss the decay behaviors of a 2 (1320), a 2 (1700), and a 2 (2030).
As for a 2 (1320), there are four allowed decay channels. We present the dependence of total and partial decay widths on the R value in Fig. 1 , and compare the obtained total decay width with the experimental data. The calculated total decay width of a 2 (1320) is consistent with the experimental data measured by Ref. [51] when taking R = 3.85 GeV −1 [33] . Our result also shows that πρ is the dominant decay mode and πη is another main decay mode. Since there is the abundant experimental information on a 2 (1320), we list the comparison between theoretical and experimental results of five typical ratios and two partial decay widths in Table IV , which indicates that our calculation is comparable with the present experimental data. Thus, a 2 (1320) as the 1 3 P 2 state is well tested by our study.
From PDG [1], we also notice there were the measurement results of a 2 (1320) → ωππ and a 2 (1320) → 3π, where the breaching ratios of a 2 (1320) → ωππ and a 2 (1320) → 3π can reach up to (70.1 ± 2.7)% and (10.6 ± 3.2)%, respectively. This information also stimulates our interest in investigating these three-body decays. The two-body decay behavior of a 2 (1320) indicates that the πρ channel is its dominant decay mode, where ρ dominantly decays into 2π [branching ratios B(ρ → ππ) ∼ 100%]. In addition, the 2π in a 2 (1320) → ωππ can be from the intermediate ρ. Thus, we consider a 2 (1320) → πρ → 3π and a 2 (1320) → ωρωππ processes, where the decay amplitudes of a 2 (1320) → πρ and a 2 (1320) → ωρ can be obtained by the QPC model. And then we apply the general expressions for three-body decays, i.e.,
where Γ B is the total width of meson B and E is the energy of particle B. By the calculation, finally we obtain Γ a 2 (1320)→3π ≃ 90 MeV and Γ a 2 (1320)→ωπ + π − ≃ 15 MeV, which are comparable with the corresponding experimental data [1]. In addition, a 2 (1320) → π ± γ can from a 2 (1320) → π ± ρ → π ± γ when one considers the Vector-Meson-Dominance mechanism. Since in this work we only focus on the strong decays, we do not discuss the a 2 (1320) → π ± γ radiative decay. 
FIG. 1:
The partial and total decay widths of a 2 (1320) as the 1 3 P 2 state dependent on the R value. Here, the dashed line with the yellow band is the experimental total width from Ref. [51] . All results are in units of MeV. As for a 2 (1700), more decay channels open as shown in Table II . In Fig. 2 we list the variation of the total and partial decay widths of a 2 (1700) in terms of the R value. When R = 4.35 GeV −1 [33] , the central value of the experimental total width of a 2 (1700) from L3 [56] can be reproduced by our calculation. The main decay modes of a 2 (1700) include πρ, ρω, πη, and πb 1 (1235). Additionally, π f 1 (1285), πη ′ , πη ′ (1295), πρ(1450), and KK are important decay channels for a 2 (1700). In Table V 
The dependence of the partial and total decay widths of a 2 (1700) as the 2 3 P 2 state on the R value. Here, the dashed line with the yellow band denotes the experimental total width given in Ref. [56] . All results are in units of MeV. 15] Along with investigating the decay behaviors of a 2 (1320) and a 2 (1700), the reliability of the QPC model can be further tested in this work, which makes us safely apply this model to the remaining a 2 states.
In the following, we illustrate the decay behavior of a 2 (2030) as a 1 3 F 2 state, where its total and partial decay widths are shown in Fig. 3 . Our calculation shows that a 2 (2030) as a 1 3 F 2 state has a very broad width, i.e., the total width can reach up to (730∼830) MeV corresponding to R = (4.00 ∼ 5.00) GeV −1 , which is not strongly dependent on the R value. When comparing the calculated total width with the experimental result, we find that the theoretical result is far larger than the experimental width of a 2 (2030) [2] . At present, a 2 (2030) was only reported in Ref. [2, 15] . Thus, we suggest further experimental study to measure the resonance parameters of a 2 (2030), which is important to clarify the difference between theory and experiment. From Fig. 3 , we obtain that πb 1 (1235), ρh 1 (1170), πη 2 (1645), ηa 1 (1260), and π f 2 (1270) are main decay modes of a 2 (2030), where π f 2 (1270) was al-ready observed in the Crystal Barrel experiments [2, 3, 20] . The details of other decay information of a 2 (2030) can be found in Fig. 3 As shown in Table II , there are two possible candidates for the 3 3 P 2 state, i.e., a 2 (1950) and a 2 (2175). Thus, the study of the decay behaviors of a 2 (1950) and a 2 (2175) is helpful to distinguish these two possibilities. In Table III , the allowed decay channels of a 2 (1950) and a 2 (2175) are listed. In the following calculation, we separately discuss the decay behaviors of a 2 (1950) and a 2 (2175) under the 3 3 P 2 assignment.
In Fig. 4 , we show the total and partial decay widths of a 2 (1950) dependent on the R value. Here, the calculated total width overlaps with the SPEC experimental data [2] with R = (4.73 ∼ 5.14) GeV −1 . The result of the corresponding partial decay width shows that a 2 (1950) dominantly decays into πρ, πη, ρω, and πη ′ (see Fig. 4 for more details). In addition, we also select some typical ratios in Table VI that are weakly dependent on the R values. If a 2 (2175) is the 3 3 P 2 state, the obtained total decay width can be fitted with the present experimental width of a 2 (2175) when taking R = (4.20 ∼ 4.72) GeV −1 . Thus, its partial decay behavior is crucial when we want to distinguish a 2 (1950) and a 2 (2175) as the 3 3 P 2 state. Here, we get that the main decay channels of a 2 (2175) are πρ, ρa 2 (1320), and πη. The detailed decay information of a 2 (2175) is collected in Fig. 5 . By this study, we can see that the partial decay behavior of a 2 (2175) is indeed different from that of a 2 (1950). In particular, there are slight differences in the corresponding typical ratios listed in Tables VI and VII. We expect further experimental study on a 2 (1950) and a 2 (2175) to confirm these theoretical results in future. The mass spectrum analysis [2, 21] shows that both a 2 (2175) and a 2 (2255) can be the candidates of the 4 3 P 2 state. In the following discussion, we combine the experimental data with the calculated result to predict the partial decay width of a 2 (2175) and a 2 (2255) under the assignment of the 4 3 P 2 state. If a 2 (2175) is the 4 3 P 2 state, we find that the obtained total decay width can reproduce the experimental data in Ref.
[2], where the R range is taken as (5.46 ∼ 5.78) GeV −1 . The corresponding partial decay widths are also listed in Fig. 6 , which shows that πρ and πη are main decay modes. Further giving more abundant information to future experiments, we also collect the typical ratios weakly dependent on the R value in Table VII .
Similarly, we also get the total and partial decay widths of a 2 (2255) as the 4 3 P 2 state, which are shown in Fig. 7 . The main decay modes of a 2 (2255) as the 4 3 P 2 state are πρ and πη. In Table VIII , we predict some typical ratios, which can test the 4 3 P 2 state assignment to a 2 (2255) in future experiments. Finally, we need to discuss the possibility of a 2 (2225) as the 2 3 F 2 state by studying decay behavior. The comparison between the calculated total decay width and the experimental one of a 2 (2255) is shown in Fig. 8, which shows that the experimental data cannot be reproduced, i.e., our result is larger than the experimental value. There are two possibilities for this:
1. The 2 3 F 2 assignment to a 2 (2255) is not suitable. However, before definitely adopting this conclusion, a more precise measurement of the resonance parameters of a 2 (2255) is necessary since there is only one experiment relevant to a 2 (2255) [2] at present.
2. If a 2 (2255) is a 2 3 F 2 state, the corresponding partial decay widths are listed in Fig. 8 . Here, ρω and ρa 1 (1260) are main decay channels. Thus, carrying out the search for these predicted main decay modes will be helpful to clarity whether a 2 (2255) as the 2 3 F 2 state is suitable or not.
III. SUMMARY
In this work, we have systematically calculated the twobody OZI-allowed strong decays of the observed a 2 states when they are categorized into the a 2 meson family. By comparing our results with the present experimental data, the n 2S +1 L J assignments to the observed states can be tested.
What is more important is that in this work we have predicted the partial decay widths of the a 2 states, which provides important and valuable information on further experimental searchs for the a 2 states. As indicated in the review of the experimental status of the a 2 states in Sec. I, the experimental data of these states are not abundant at present, especially the a 2 states with higher mass. Hopefully our work can inspire the experimentalist's interest in exploring the a 2 states. We also suggest future experiments to measure the resonance parameters of the observed a 2 states since these parameters are crucial to establish the a 2 meson family.
The BESIII experiment and the forthcoming PANDA experiment will be good platforms to carry out the experimental study of a 2 , and we expect further experimental progress on the a 2 states. 
